It is now well known that details in the intermolecular potential can significantly affect the qualitative features of a phase diagram where temperature is plotted against density for the coexistence curves among fluid and solid phases. While previous calculations of phase diagrams have assumed a time-invariant potential function, this report concerns the phase diagram for "breathing" molecules, i.e., molecules whose strength of intermolecular attraction fluctuates in time. Such fluctuations can occur in biomacromolecules where an active site can switch between "on" and "off" positions.
Introduction
For mixtures of fluids, phase-equilibrium calculations in science and engineering are based on a variety of models for representing thermodynamic properties; these models vary from those based on relatively rigorous statistical mechanics to those derived from molecular-thermodynamic or phenomenological considerations and finally to those that are strictly empirical [1] . Common to essentially all of these models is the implicit assumption that for compact (spherical or globular) molecules, the vibrational state of the molecules has no appreciable effect on intermolecular forces and that, therefore, phaseequilibrium calculations for fluids containing such molecules need not be concerned with molecular vibration.
On the other hand, many years of research in biochemistry have shown that the active sites of a globular protein are often inside a pocket that vibrates with a regular frequency such that, when the pocket is open, it is able to interact strongly (binding) with another molecule whereas, when the pocket is closed, such strong interaction is not possible due to steric hindrance [2] . Here "open" and "closed" are relative terms that describe intermolecular binding; "closed" does not necessarily mean association is totally prohibited nor does "open" necessarily mean association is complete.
We report here some initial studies toward calculation of phase equilibrium for a one-component fluid where the molecules may or may not interact strongly depending on whether or not the molecules are "open" or "closed". We designate such molecules "breathing" molecules. We expect that calculations reported here may find application for some biological systems where condensation depends, at least in part, on the vibrational state, that is, on the fraction of molecules that, at a given time, are "open" for strong interactions.
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A Model for Breathing Molecules
To fix ideas, we consider first the interaction potential between two spherical molecules as shown in Figure 1 . Regardless of whether or not the molecules are open or closed, the potential is of the van der Waals form reflecting hard sphere repulsion and attractive dispersion forces. However, if both molecules are open, the potential also includes a specific strong interaction.
In Figure 1 , the diameter of the molecule is σ and the depth of the conventional (i.e., van der Waals) potential is ε . The range of attraction is reflected in the exponent ; the range falls as rises. n n When both molecules are open, there is an additional association potential characterized by ε which is assumed to be appreciably larger than ε . For open molecules, the specific association force is "on" when the center-to-center distance between two molecules is less than , and when the angles θ and θ are equal to or less than a critical angle θ . In this work, we set , and θ , as used in SAFT theory for associated fluids [3] . The reasonable values of these parameters will not affect the qualitative features of our calculations. The bonding probability, designated by φ , describes the fraction of time in a vibration period that a molecule is open. For a system containing a large number of molecules, φ is the same as the fraction of "open" molecules at any moment. In general, the factor φ may depend on temperature and density. In this initial study, we assume that φ depends only on density and can vary from zero to φ , the maximum probability of opening. For our preliminary purposes, we consider three simple cases: In the subsequent illustrations, we consider fluid-fluid and fluid-solid equilibrium of breathing molecules. We set where is Boltzmann's constant and reference temperature T is 298.15 K. It is now well known that for large globular molecules, the (reduced) range of van der Waals attractive forces is smaller that that for simple (argon-like) molecules [4] . In our calculations, we use .
Because we are concerned with globular biomacromolecules (e.g., proteins) in solution, our potential corresponds to a potential of mean force; the biomacromolecules are in a solvent that is here considered to be a continuous medium. Our calculations, therefore, are in the McMillan-Mayer framework.
Helmholtz Energy of the Fluid Phase
To reveal the qualitative features of the phase diagrams for breathing molecules, we use the random-phase approximation (RPA) for the Helmholtz energy. RPA is essentially a first-order perturbation where the reference system is a hard-sphere fluid and the perturbation has two parts; one part that applies to all molecules, arising from attractive van der Waals forces, and a second part that applies only to open molecules, 4 arising from specific two-body attraction. The second perturbation is based on SAFT theory [3] . 
where is the total number of molecules (before association), Λ is the thermal wavelength, is the mole fraction of "closed" molecules, is the mole fraction of "open" molecules, η = is the packing fraction, and is the SAFT parameter, representing the fraction of unbonded sites. Because we distinguish between "open" and "closed" molecules, the Helmholtz energy contains a contribution from the (ideal) entropy of mixing "open" and "closed" molecules.
Helmholtz Energy of the Solid Phase
The solid phase is assumed to have a face-centered-cubic structure, as shown in v is approximated by [4] v a
Here is the center-to-center distance between two nearest-neighbor molecules; density ρ is related to a by . Substitution then gives
In Equation ( Compared with molecular-simulation results for hard spheres, this modified free-volume theory provides a Helmholtz energy of the solid phase that is much better than that 5 obtained from the "classical" free-volume theory [where the coefficient in Eq.(3) is 1 2 / ].
As for the fluid phase, the Helmholtz energy of the solid includes a contribution from the reference hard-sphere crystal, a perturbation due to van der Waals attraction, and a contribution from intermolecular bonding:
In Eq. (4), is the number of nearest neighbors in a FCC crystal. The mixing terms on the right-hand side of Eq. (4) where the compressibility factor for the hard-sphere solid, , is calculated selfconsistently from the cell model.
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Phase-Equilibrium Calculations
For each phase, chemical potential is obtained from µ
where V is the total volume, and pressure is obtained from
A fluid-fluid coexistence curve is obtained from the relations breathing. Again, the two diagrams are similar in shape but the fluid-fluid critical temperature for cooperative breathing is larger than that for restricted breathing. Figure 4 indicates that the breathing pattern of molecules could have a significant effect on the phase diagram. the autonomous breathing where the probability of bonding is independent of density, T is larger for cooperative breathing and smaller for restrictive breathing. Similar trends apply for . Surprisingly, for molecules with restricted breathing, the critical temperature falls with increasing probability of association, and becomes zero when φ is larger than around 0.62. The absence of a vapor-liquid critical temperature for fluids with both van der Waals attraction and association has not been observed before. Calculated results show that for the three cases, the liquid-liquid connodal line and the freezing line differ and, more important, differ appreciably from the case where breathing is neglected.
Numerous refinements are possible. Our purpose here is only to introduce the concept of "breathing" molecules and to suggest that phase-equilibrium calculations for such molecules may be useful for interpreting condensation (phase-change) phenomena 9 for biomacromolecules as observed, for example, in growth of human tissue, in clogging of arteries or in formation of biofilms in sewage pipes or barnacles on ships [7] .
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